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Abstract 
The cells with porous Ni/Fe(~10 wt%) metal plate as a supporting substrate, double layers of La0.75Sr0.25Cr0.5Mn0.5ʳʳ
O3-G (LSCM) and nanostructured Ce0.55La0.45O2-G/Ni (LDC/Ni) as an anode, LDC as an anode interlayer, 
La0.8Sr0.2Ga0.8Mg0.2O3-G (LSGM) as an electrolyte, LSGM/Sm0.5Sr0.5CoO3-G (SSC) as a cathode interlayer and SSC as 
a cathode current collector, were prepared by atmospheric plasma spraying (APS) coating processes followed by a 
heating treatment. The current-voltage-power and AC impedance measurement results show that the prepared cell 
heat-treated at 850 °C for 3 hours in air with a dead load of 1000 g cm-2 has an attracting performance. The measured 
maximum output power densities of this cell have reached 0.777, 0.742, 0.659, 0.542, 0.393, and 0.250 W cm-2 at 800, 
750, 700, 650, 600, and 550 °C respectively. The measured ohmic and polarization resistances are 0.241, 0.254, 
0.282, 0.328, 0.42, 0.62 and 0.055, 0.064, 0.083, 0.128, 0.23, 0.471 ȍʳ cm2 at 800, 750, 700, 650, 600, and 550 °C 
respectively. After correction of the resistance inside the ProboStat system, the predicted actual maximum power 
densities that a cell can deliver are 1.95, 1.613, 1.186, 0.823, 0.512, and 0.293 W cm-2 at 800, 750, 700, 650, 600, and 
550 °C respectively. 
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1. Introduction 
The solid oxide fuel cell (SOFC) is an electrochemical reactor for generating electricity and has some 
unique advantages over the traditional power generation technologies, including inherently high efficiency, 
low gas pollution emissions and fuel flexibility. Over the past two decades, technical developments have 
focused on the development of both advanced SOFC materials and structures so that the reduction of cell 
operation temperature can be realized. SOFCs with reduced operation temperature (600~800°C) provide 
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numerous advantages such as wider choices of low-cost component materials, improved sealing and 
interfacial reaction prevention, and increased flexibility in the structure design [1-3]. 
In the development of reduced temperature SOFC technology, reducing electrolyte thickness and 
developing alternative materials with high ion conductivity at reduced temperatures are two major 
approaches to minimize the energy loss from electrolyte. The LSGM has been reported as a material with 
higher ion conductivity than YSZ material and chosen as a good electrolyte for ITSOFCs. There is also a 
tendency to shift ceramic-supported fuel cells to metal-supported fuel cells toward lowing operation 
temperatures, due to the potential benefits of low cost, high strength, better workability, good thermal 
conductivity and quicker start-up [4, 5]. Quicker start-up and thermal cycling are considered as the main 
causes of ceramic-supported fuel cell breakage and stack failure [6, 7]. Metal-supported fuel cells are 
desired to be used in the auxiliary power unit of mobile application where the structural robustness and 
the thermal shock resistance with low internal temperature and stress gradients are required [8, 9]. In 
addition, the use of metallic substrates allows the use of conventional metal welding techniques for stack 
sealing and could significantly reduce the manufacturing costs of SOFC stacks. 
The atmospheric plasma spraying (APS) that is well known in the industrial applications is a part of 
thermal spraying, a group of processes in which metallic and non-metallic powders are deposited in a 
molten or semi-molten state on a prepared substrate. This spraying process shows strong potential to 
enable the sequential multi-layer depositions of metal-supported fuel cells on preheated porous metallic 
substrates [10-13]. In our approach, SSC (Sm0.5Sr0.5CoO3-G) cathode material of high oxygen reduction 
capability and LSGM (La0.8Sr0.2Ga0.8Mg0.2O3-G) electrolyte material of higher ion conductivity were 
adopted in the APS process for fabricating high power density metal-supported ITSOFCs. 
2. Experimenta˿
The APS (atmospheric plasma spraying) system consisted of mainly a modified Praxair SG-100 dc 
plasma torch with Mach I nozzle that inject a high temperature plasma flame under atmospheric condition, 
two powder feeder systems for delivering plasma sprayable powders, a cooling system for the torch, a 
furnace for preheating the substrate, an IR detector for measuring the temperature of the substrate, a fast 
CCD camera to observe trajectories of particles in the plasma flame and a Fanuc Robot ARC Mate 120iB 
system to scan plasma torch. The modified Praxair SG-100 dc plasma torch with Mach I nozzle was 
operated at medium currents from 300 to 460 A and at high voltages from 88 to 105 V. The mixed gas 
from argon, hydrogen and helium was used as plasma forming gas. A specially designed multi-gas mixer 
was applied to mix these gases uniformly. Other details of experimental apparatus are given in earlier 
papers [14, 15]. Figure 1 schematically depicts the experimental set-up. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The experimental setup of atmospheric plasma spraying for fabricating metal-supported solid oxide fuel cell. 
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Commercially available powders of LSCM (La0.75Sr0.25Cr0.5Mn0.5O3-G), LDC (Ce0.55La0.45O2-G), 
LDC/NiO, SSC (Sm0.5Sr0.5CoO3-G)/C, and LSGM (La0.8Sr0.2Ga0.8Mg0.2O3-G) purchased fromʳ Marionʳ
Technologies, France, Inframat, Inc., USA and Specialty Ceramics of Praxair, USA respectively were 
applied to construct a metal-supported solid oxide fuel cells by atmospheric plasma spraying processes. 
The morphologies of these powders can be found in earlier papers [14, 16]. LDC, LDC/NiO, SSC/C and 
LSGM are agglomerated powders that have average granule sizes from 20 to 50 μm and can be sprayed 
directly by APS. Carbon black of 15 wt% is applied as a pore former and it will be burn out during the 
plasma spray coating. The original particles of LDC and LDC/NiO agglomerated powders are less than 
100 nm in size, but the original particles of SSC agglomerated powders are between 100 nm and 400 nm 
in size. The Ni content in LDC/NiO powders is about 50% in volume after reduction. The LSGM 
powders are sieved into a smaller range of powder sizes before plasma spraying. Layers of LSCM, 
LDC/NiO, LDC, LSGM, LSGM/SSC and SSC were sprayed by APS in sequence on a porous nickel-iron 
substrate in 24 mm diameter to complete a Ni/Fe-LSCM-LDC/NiO-LDC-LSGM-LSGM/SSC-SSC cell. 
The iron content in the home-made porous Ni/Fe substrate is about 10wt%. The cathode area is about 
1.76 cm2. The LSGM/SSC interlayer is formed of LSGM and SSC with 50%:50% in volume, this layer is 
applied for matching gradually the thermal expansion coefficients of dense LSGM electrolyte and porous 
SSC layer. The LDC layer is used to inhibit nano nickel particles in the anode to diffuse into LSGM 
electrolyte and react with LSGM material. The SSC layer with 1.76 cm2 active area is applied for 
collecting cell current. To support the whole cells, the Ni/Fe substrates with 1.2 mm in thickness are 
adopted. The NiO can be reduced to Ni by hydrogen gas during the cell test.  
The performance of prepared 24 mm diameter button cell with Ag paste on the cathode side and Pt 
paste on the anode side of cell is measured by the system that combines a ProboStat (NorECs AS, 
Norway) with Solartron 1255 and Solartron 1287 (Solartron Analytical, UK). Both electric power density 
and AC impedance of button cell are measured. A 10 mV AC signal with frequencies varied from 0.1 to 1 
MHz is applied in the AC impedance measurement. The scheme for measuring output power densities 
and AC impedances of APS plasma sprayed cells is shown in Fig. 2. 
 
 
  
 
 
 
 
 
 
 
 
Fig. 2.  The scheme of testing APS sprayed cells. 
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Fig. 3. Measured I-V-P (current-voltage-power) results of APS prepared cell with SSC cathode at different temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The Cole-Cole plots of measured AC impedance results of APS prepared cell with SSC cathode at different temperatures. 
3. Results and Discussion 
The measured I-V-P (Current-Voltage-Power) results of the APS prepared cell with a material 
structure of Ni/Fe-LSCM-LDC/NiO-LDC-LSGM-LSGM/SSC-SSC at temperatures of 550, 600, 650, 700, 
750, and 800 °C are shown in Fig. 3. The hydrogen fuel with 300 ml min-1 and the oxygen oxidizer with 
300 ml min-1 are supplied to the tested cell. This APS prepared cell can delivers maximum power 
densities of 0.777, 0.742, 0.659, 0.542, 0.393, and 0.250 W cm-2 at 800, 750, 700, 650, 600, and 550 °C 
respectively. The corresponding Cole-Cole plots of measured AC impedance results at the OCV condition 
for this cell are shown in Fig. 4. The inset of Fig. 4 gives the enlarged Cole-Cole plots at temperatures
650 °C. In Fig. 4, the first intercept (or called as high frequency intercept) at real axis is the ohmic 
resistance and the second intercept (or called as low frequency intercept) at real axis is the total resistance 
which is equal to 1R + pR  , pR is called as the polarization resistance which is the difference between the 
second and the first intercepts. The obtained ohmic resistance 1R , total resistance 2R  and polarization 
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resistanceʳ pR   at the OCV condition are given in Table 1, The values of 1R   and pR   are 0.241, 0.254, 
0.282, 0.328, 0.42, 0.62 and 0.055, 0.064, 0.083, 0.128, 0.23, 0.471 ȍ cm2 at 800, 750, 700, 650, 600, and 
550 °C respectively. The measured ohmic resistance 1R includes the resistances from Pt lead wires at the 
cathode side, Ni lead wires at the anode side and contacts, and the measured powers are also affected by 
these resistances from lead wires and contacts.  
 
Table 1 Experimentally measured values of R1, R2 and Rp at different temperatures. 
Table 2 Parameter values in I-V-P analyses for cell at 550,ʳ600, 650, 700, 750, and 800 °C. 
 
 
 
 
 
 
 
 
 
 
The I-V data shown in Fig. 3 were fitted by the equation ))iln(ba(iRV)i(V ohmocv   [16, 17], the 
corresponding I-V fitting lines (solid) are also shown in Fig. 3 and the obtained ohmR , a  and b  values are 
given in Table 2, it is found that ohmR | 2R . According to the earlier work on developing power density 
prediction formula [16], the maximum power density maxP  that a cell can deliver can be estimated by 
)( maxmax iP | 2max )]([ iVvoc K ohmR4/ | 2max)]ln([ ibaVvoc  ohmR4/ , The calculated )( maxmax iP  values at different 
temperatures are also given in Table 2 for comparisons. The value of maxP @0.6V shown in Table 2 is the 
experimentally measured maximum power density at 0.6V. The maximum power density maxP  is inversely 
proportional to ohmR . Here ohmR  includes also the resistances of lead wires and contacts. To remove the 
effect of resistances of lead wires and contacts inside the ProboStat on measuring the maximum power 
density that a cell can actually deliver, it is needed to estimate the total resistance leadR  of lead wires and 
contacts via the AC impedance measurement by removing tested cell and allowing direct contact between 
cathode and anode side Pt meshes shown in Fig. 2. The measured AC impedance curves are given in Fig. 
5 and the obtained leadR resistances that are the intercepts at real axis for different temperatures are shown 
in Table 3. After subtracting leadR from ohmR , the predicted actual maximum power densities that a cell can 
deliver are 1.95, 1.613, 1.186, 0.823, 0.512 and 0.293 W cm-2 at 800, 750, 700, 650, 600 and 550 °C 
respectively. 
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Fig.ʳ5. Measured AC impedances of ProboStat system without a cellˁʳ
Table 3 Values of leadR  inside the ProboStat system at different temperatures. 
4. Conclusions 
Metal-supported intermediate temperature solid oxide fuel cells made of porous Ni/Fe (~10 wt%) 
metal plate as a supporting substrate, double layers of LSCM and nanostructured LDC/Ni as an anode, 
LDC as an anode interlayer, LSGM as an electrolyte, LSGM/SSC as a cathode interlayer and SSC as a 
cathode current collector were prepared successfully by atmospheric plasma spraying coating process 
followed by a heating treatment. The current-voltage-power and AC impedance measurements reveal that 
the prepared cell with a post heat treatment, heat-treated at 850 °C for 3 hours in air with a dead load of 
1000 g cm-2, has an attracting performance. The measured maximum output power densities of this cell 
have reached 0.777, 0.742, 0.659, 0.542, 0.393, and 0.250 Wcm-2 at 800, 750, 700, 650, 600, and 550 °C 
respectively. After correction of the resistance inside the ProboStat system and application of a prediction 
formula developed earlier, the predicted actual maximum power densities that a cell can deliver are 1.95, 
1.613, 1.186, 0.823, 0.512, and 0.293 Wcm-2 at 800, 750, 700, 650, 600, and 550 °C respectively. 
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